Objective-Grb2-associated binder 1 (Gab1), a scaffolding adaptor protein, plays an important role in transmitting key signals that control cell growth, differentiation, and function from multiple tyrosine kinase receptors. The study was designed to investigate the role of endothelial Gab1 in angiogenesis and its underlying molecular mechanisms. Methods and Results-Using Cre-Lox recombination technology, we generated endothelial-specific Gab1 knockout (Gab1-ecKO) mice. Gab1-ecKO mice are viable and showed no obvious developmental defects in the vascular system. To analyze the role of Gab1 in postnatal angiogenesis, we used hindlimb ischemia and Matrigel plug models. We found that loss of endothelial Gab1 in mice dramatically impaired postnatal angiogenesis. Gab1-ecKO mice had impaired ischemia-initiated blood flow recovery, exhibited reduced angiogenesis, and were associated with marked limb necrosis. We further observed significant endothelial cell (EC) death in the ischemic hindlimb of Gab1-ecKO mice. Matrigel plug assay showed that hepatocyte growth factor (HGF)-mediated angiogenesis was inhibited in Gab1-ecKO mice. In vitro studies showed that Gab1 was required for HGF-induced EC migration, tube formation, and microvessel sprouting. Mechanistically, HGF stimulated Gab1 tyrosine phosphorylation in ECs, leading to activation of extracellular regulated MAP kinase 1/2 and Akt, which are angiogenic and survival signaling. 
A ngiogenesis, the formation of new blood vessels from the existing vascular network, begins with the activation, migration, and proliferation of endothelial cells (ECs) in the existing vessels. 1 Many growth factors, including vascular endothelial growth factor (VEGF), are shown to regulate EC function and angiogenesis. 2 Besides VEGF, hepatocyte growth factor (HGF) is a potent angiogenic factor in vivo and stimulates vascular EC migration, proliferation, and organization into capillary-like tubes in vitro. [3] [4] [5] [6] HGF binds its receptor c-Met and stimulates c-Met kinase activation, which triggers transphosphorylation of c-Met and downstream signaling events. 7, 8 The HGF/c-Met pathway has emerged as a promising therapeutic target by which to promote or inhibit angiogenesis. [7] [8] [9] However, the mechanisms by which HGF mediates angiogenesis have not been fully understood.
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Grb2-associated binder 1 (Gab1), a member of the insulin receptor substrates 1-like multi-substrate docking protein family, is highly expressed in vascular ECs. Gab1 is found to be directly or indirectly recruited to numerous activated receptor tyrosine kinases, including c-Met and VEGF receptor 2 (also known as Flk1 and KDR). 10 -15 On phosphorylation by receptor tyrosine kinase, Gab1 then recruits and activates phosphatidylinositol 3-kinase (PI3K)/Akt and protein tyrosine phosphatase SHP2/ERK1/2 pathways, which are crucial to cell proliferation and differentiation. 13,14,16 -23 However, the role of Gab1 in growth factors/receptor tyrosine kinase-mediated angiogenesis remains largely unclear.
Gab1 deficiency in mice is early embryonic lethal because of heart and placental defects. 24, 25 To directly explore the role of Gab1 in angiogenesis, we generated endothelial-specific Gab1 knockout (Gab1-ecKO) mice. Using hindlimb ischemia, Matrigel plug, and tumor angiogenesis models, we showed defective postnatal angiogenesis in Gab1-ecKO mice. We further found that Gab1 was required for EC survival in vivo and in vitro under stress conditions. Moreover, HGF-induced Akt and ERK1/2 activation and cell survival were impaired in Gab1-deficient ECs. Thus, our data demonstrate that Gab1 is crucial for postnatal angiogenesis through mediating angiogenic and survival signaling.
Methods

Animals
Gab1
flox/flox mice (C57BL/6J background) described previously 26 and Tie2-Cre transgenic mice from the Jackson Laboratory (C57BL/6J background, stock number 008863) were used. All protocols for animal experiments were approved by the University Committee on Animal Resource of University of Rochester.
Hindlimb Ischemia Model
Hindlimb ischemia was generated by resection of the femoral artery in male wild-type (WT) or Gab1-ecKO mice as previously described. 27 Laser Doppler perfusion imaging was used to record perfusion of both right and left limbs at different time points as indicated.
An expanded methods section is available in the Supplemental Data (available online at http://atvb.ahajournals.org), including hindlimb ischemia model, laser Doppler perfusion imaging, capillary density analysis, terminal deoxynucleotidyl transferase dUTP nickend labeling (TUNEL) staining, in vivo Matrigel plug angiogenesis assay, tumor angiogenesis, aortic ring assay for ex vivo angiogenesis, isolation of mouse lung ECs, cell culture and small interfering RNA (siRNA) transfection, wound closure cell migration, Boyden chamber migration, capillary-like tube formation, Western blot analysis, immunofluorescent staining and microscopy, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium cell viability assay, and data statistical analysis.
Results
Generation and Characterization of Gab1-ecKO Mice
To explore the role of endothelial Gab1 in vivo, we generated Gab1 endothelium-specific knockout mice. Gab1 flox/ϩ mice were bred to Tie2-Cre/ϩ transgenic mice that express Cre in ECs. Tie2-Cre;Gab1 flox/flox (Gab1-ecKO) mice were generated by male Tie2-Cre/Gab1 flox/ϩ and female Gab1 flox/flox intercross. Gab1-ecKO mice were viable and were born at the expected mendelian ratio (Supplemental Table I ). Supplemental Figure I shows the genotyping results for Gab1-ecKO mice and Gab1 flox/flox WT (control) littermates. Gab1-ecKO mice had no obvious defects on body weight and vascular development. Lung ECs were isolated. EC morphology was normal (Supplemental Figure II) and confirmed with endothelial specific markers platelet/endothelial cell adhesion molecule-1 (CD31) and vascular endothelial-cadherin immunostaining (Supplemental Figure III) . Immunoblotting analysis showed a significant decrease of Gab1 expression in ECs isolated from Gab1-ecKO mice relative to those from WT mice (Supplemental Figure IV) . Coimmunostaining Gab1 with the EC-specific marker von Willebrand factor (vWF) in mouse hindlimb muscles further confirmed EC-specific Gab1 deficiency in Gab1-ecKO mice (Supplemental Figure V) , whereas a relatively low expression of Gab1 in muscle fibers in both Gab1-ecKO mice and WT mice was observed. Moreover, we found that the hindlimb vasculature and retina vascular network in adult Gab1-ecKO mice were similar to those in WT mice (Supplemental Figures VI and VII) . Collectively, our results indicate that Gab1-ecKO mice have no obvious developmental defects in the vascular system.
Gab1 Is Essential for Ischemia-Initiated Blood Flow Recovery and Angiogenesis
To examine the role of endothelial Gab1 in postnatal angiogenesis, we used a mouse hindlimb ischemia model. The gastrocnemius blood flow was measured using a deep penetrating laser Doppler probe. As shown in Figure 1A and 1B, the ratio of blood flow of the right limb relative to the left limb was 100% before surgery. After surgery to the right limb, the ratios dropped by 80% in all groups of WT and Gab1-ecKO mice. Blood flow in the gastrocnemius muscle in WT mice recovered in a time-dependent manner. However, Gab1-ecKO mice failed to recover the blood flow, suggesting that Gab1 may play a role in postnatal ischemic angiogenesis. Moreover, Gab1-ecKO mice showed marked necrotic limb at 14 days after the femoral artery resection ( Figure 1C ), which is consistent with the defective recovery of blood flow. We used a clinical scoring system to assess lower-limb function and tissue salvage after surgery. 27 As shown in Figure 1D , the deficiency of endothelial Gab1 was associated with severe tissue ischemia after surgery.
To characterize the ischemia-initiated angiogenesis, we quantified the capillary density of gastrocnemius muscle fibers from both WT and Gab1-ecKO mice before and after the hindlimb ischemia. As shown in Figure 1E , ischemiainitiated angiogenesis resulted in increased capillary density relative to the baseline in WT mice, whereas Gab1-ecKO mice had dramatically lower capillary density, less than that in the nonischemic control side (Supplemental Figure VIII shows color images of capillary CD31 staining). Taken together, these results established a critical role of endothelial Gab1 in ischemia-initiated angiogenesis.
Gab1 Is Critical for EC Survival Under Stress Conditions
Notably, Figure 1E , showing a dramatically decreased capillary density in Gab1-ecKO mice, suggests the potential involvement of EC survival in vivo under hypoxia, which results in defective angiogenesis and vascular regression. To directly examine the role of Gab1 in cell survival, we performed TUNEL staining on tissues from Gab1-ecKO mice and WT mice after hindlimb ischemic surgery. Endothelial marker gene vWF and nDNA 4Ј,6-diamidino-2-phenylindole staining were also performed to identify ECs and cell nuclei. As shown in Figure 2 , there were significantly more TUNELpositive ECs in gastrocnemius muscle in Gab1-ecKO mice than in those of WT mice after ischemia. EC apoptosis in the arterioles was further confirmed by triple immunostaining with TUNEL, vWF, and smooth muscle ␣-actin (Supplemental Figure IX ). It is worth noting that EC death started as early as 2 days (Figure 2A and 2B) and persisted at 7 days ( Figure  2C and 2D) after ischemia in Gab1-ecKO mice, revealing a pivotal role of Gab1 in EC survival under ischemic stress.
It has been reported that Gab1 is involved in VEGF-induced EC survival. 28 HGF is also a potent survival growth factor. 29 We observed that expression of both VEGF and HGF was increased in ischemic hindlimb muscles (Supplemental Figure X) . Interestingly, we found that HGF strongly induced Gab1 tyrosine phosphorylation in ECs (Supplemental Figure XI) . To examine whether Gab1 mediates HGF-induced EC survival under stress conditions, we used the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium cell viability assay and mouse lung ECs isolated from Gab1-ecKO mice and WT mice. Under serum starvation for 24 hours, cell viability of Gab1-deficient ECs dropped by almost 55% relative to the control WT ECs ( Figure 2E ). Although HGF significantly protected WT ECs from death, it failed to maintain EC survival in Gab1-deficient ECs ( Figure  2E ). Less extensive effects were observed when VEGF was used to protect ECs from death (Supplemental Figure XII) . We also examined the levels of cleaved caspase 3 for the induction of apoptosis and found that increased active caspase 3 in response to serum starvation was much higher in Gab1-deficient ECs than in WT ECs (Supplemental Figure XIII) . These data show that Gab1 is required for EC survival under serum starvation.
Gab1 Is Necessary for HGF-Induced Angiogenesis Revealed by Matrigel Plug Assay
To dissect the role of Gab1 in HGF-induced angiogenesis in vivo, we used the Matrigel plug model, in which Matrigel mixed with HGF was subcutaneously injected into Gab1-ecKO mice and WT mice. Matrigel plugs were harvested 1 week later and stained for CD31. As shown in Figure 3A , deficiency of endothelial Gab1 in mice significantly reduced invading ECs and the density of microvessels in the Matrigel plugs (Supplemental Figure XIV shows color images of capillary CD31 staining). Hemoglobin concentration in the Matrigels was measured to assess the functional vessels in the Matrigel plugs. As shown in Figure 3B , hemoglobin concentration was much lower in Matrigel plugs implanted in Gab1-ecKO mice than in those in Gab1 WT mice, consistent with the results of CD31 staining for microvessels in Matrigel plugs. These data demonstrate that Gab1 is essential for HGF-induced angiogenesis in vivo. Relatively lower effects of endothelial Gab1 deficiency on VEGFinduced angiogenesis were observed by the Matrigel plug assay using Gab1-ecKO mice and WT mice (Supplemental Figure  XV) . In addition, we examined the role of Gab1 in tumor angiogenesis and found that endothelial Gab1 deficiency inhibited tumor angiogenesis and tumor growth (see Supplemental Figures XVI and XVII).
Gab1 Mediates Microvessel Sprouting, Capillary-Like Tube Formation, and EC Migration
To further investigate the role of Gab1 in angiogenesis, we performed the aorta ring ex vivo angiogenesis assay, in vitro angiogenesis capillary-like tube formation, and EC migration. In the aorta ring assay, we found that the number of sprouting microvessels from the aorta rings isolated from Gab1-ecKO mice in the presence of HGF was dramatically reduced ( Figure  4A and 4B ). In the capillary-like tube formation assay, we used mouse lung ECs isolated from Gab1-ecKO mice and WT mice. As shown in Figure 4C and 4D, the capillary-like tube formation in the presence of HGF was significantly enhanced in WT ECs, whereas HGF-induced capillary-like tube formation in Gab1-deficient ECs was impaired. Cell migration was measured by the modified Boyden chamber method and wound healing migration assay. In the modified Boyden chamber method, HGF-induced EC migration was impaired in Gab1-deficient ECs compared with WT ECs (Figure 4E ). Lower effects of endothelial Gab1 deficiency on VEGF-induced EC migration were observed (Supplemental Figure XVIII) . In the wound-healing migration assay, Gab1-deficient ECs failed to close the wound areas in the presence of HGF ( Figure 4F and 4G ). In addition, we infected adenoviruses encoding mouse Gab1-WT or LacZ (control) in Gab1-deficient ECs. Introducing mouse Gab1 but not LacZ rescued the capacity for wound closure for these ECs in response to HGF (Figure 4H to 4J).
Gab1 Is Required for Angiogenic and Survival Signaling in ECs
The PI3K/Akt and ERK signaling pathways are involved in EC survival and in vitro angiogenesis. To investigate how Gab1 mediates HGF-induced EC survival and migration, we assessed the activation of Akt and ERK1/2 in response to HGF stimulation using human umbilical vein endothelial cells (HUVECs) transfected with Gab1 siRNA or scrambled siRNA (control). Gab1 siRNA efficiently reduced the level of Gab1 expression in HUVECs ( Figure 5A ). Knockdown Gab1 substantially decreased the levels of Akt and ERK1/2 phosphorylation in response to HGF (Figure 5A to 5C). We also used Gab1-deficient ECs to examine HGF-induced Akt and ERK1/2 signaling and observed similar results ( Figure 5D and 5E). Gab1 deficiency did not affect HGF receptor c-Met tyrosine phosphorylation (Supplemental Figure XIX) . More- over, we infected HUVECs with various Gab1 mutants to dissect the Gab1 signaling pathways. The overexpression of adenoviral Flag-Gab1-⌬PI3K (3 PI3K binding sites tyrosine were replaced by phenylalanine) in HUVECs greatly inhibited HGF-mediated Akt activation but not ERK1/2 activation, whereas the overexpression of adenoviral Flag-Gab1-⌬SHP2 (2 SHP2 binding sites tyrosine were replaced by phenylalanine) in HUVECs blocked HGF-mediated ERK1/2 activation but not Akt activation ( Figure 5F to 5H). Taken together, these results establish a critical role of endothelial Gab1 in angiogenic and survival signaling.
Discussion
The novel finding of the present study is that endothelial Gab1 plays an essential role in postnatal angiogenesis in mice. Mechanistically, we found that Gab1 is critical for mediating HGF angiogenic signaling and survival of ECs under stress conditions in vivo and in vitro. To the best of our knowledge, this is the first study that revealed a key role for Gab1 in angiogenesis and HGF-mediated signaling in ECs.
Several genetic and biochemical studies have shown that Gab1 is involved in mouse development, oncogenic transformation, and metabolism. 24 -26,30 In particular, Gab1-deficient mice showed developmental defects in the heart, placenta, and skin, and died they between embryonic days 13.5 and 18.5. 25 However, the role of Gab1 in vascular endothelial biology and angiogenesis has not been explored. Using the cre-loxp system, we first generated Gab1-ecKO mice, which are viable and have no obvious vascular development defects. Using 3 angiogenic models (hindlimb ischemia, Matrigel plug, and tumor angiogenesis) in Gab1-ecKO mice, we showed that Gab1 regulates postnatal angiogenesis in vivo. Specifically, we found that ischemia-induced vessel growth and blood flow recovery were severely impaired in Gab1-ecKO mice compared with WT mice. HGF-mediated EC infiltration and microvessel growth in the implanted Matrigel plugs were blocked in Gab1-ecKO mice. Moreover, tumor angiogenesis and growth were inhibited in Gab1-ecKO mice. In agreement with our in vivo results, our in vitro studies showed that Gab1 is required for HGF-induced microvessel sprouting, EC migration and tube formation, which are essential components in angiogenic processes in vivo. Taken together, our studies clearly demonstrate an indispensable role of endothelial Gab1 in mediating angiogenesis in vitro and in vivo.
It has been shown that tissue ischemia/hypoxia induces expression of growth factors, which stimulates EC proliferation and migration, resulting in neovascularization. 31 Meanwhile, ischemia/hypoxia blocks nutrition supply and generates reactive oxygen species that may promote cell death, suggesting that EC survival could play important roles in ischemia-initiated angiogenesis. In this study, we observed that ischemic hindlimbs in Gab1-ecKO mice underwent severe toe necrosis and had much lower capillary density in the ischemic limb than the nonischemic control, indicating that Gab1-ecKO mice not only have impaired angiogenesis but also show potential regression of preexisting vasculature. Therefore, we reasoned that a Gab1-mediated cell survival mechanism may maintain preexisting vasculature and regulate angiogenesis under ischemic conditions. Indeed, our TUNEL and vWF double staining studies demonstrate that there is significant EC death in the ischemic hindlimb of Gab1-ecKO mice. In particular, we detected vascular EC death in the ischemic hindlimb of Gab1-ecKO mice, starting as early as 2 days and persisting at 7 days after femoral artery resection. To our knowledge, this is the first evidence showing the potential role of EC survival in hindlimb ischemiainduced angiogenesis and the role of Gab1 in EC survival in vivo. Consistent with these observations, we found that ECs isolated from Gab1-ecKO mice are more sensitive to starvationinduced cell death than those isolated from WT mice. The levels of cleaved caspase 3, a critical executioner of apoptosis, were enhanced in ECs isolated from Gab1-ecKO mice under starvation conditions, further supporting the concept that Gab1 acts as a survival factor against EC death. Collectively, our results indicate that Gab1-mediated EC survival is involved in ischemia-initiated angiogenesis.
Akt and ERK1/2 activation have been shown to regulate cell migration and survival signaling pathways. 32 Several studies have suggested that Akt and ERK1/2 pathways are involved in HGF-mediated angiogenesis in vitro. 33, 34 Gab1, an adaptor protein, plays an important role in mediating growth factor-induced activation of Akt and ERK1/2 through recruiting PI3K and SHP2 in a tyrosine phosphorylationdependent manner. 35, 36 However, the role of Gab1 in HGFmediated signaling in ECs remains unclear. We first found that HGF strongly stimulated Gab1 tyrosine phosphorylation in ECs. Using Gab1-deficient ECs isolated from Gab1-ecKO mice and Gab1 siRNA knocked-down HUVECs, as well as Gab1 phosphotyrosine mutants, we further found that Gab1-mediated HGF-induced Akt and ERK1/2 activation in ECs. The data provide signal mechanisms by which Gab1 mediates growth factor-induced angiogenesis.
Many growth factors are implicated in the processes of angiogenesis in vivo. Our results, showing that VEGF and HGF are induced in response to ischemia, suggest that both VEGF and HGF are involved in ischemia-induced angiogenesis. In vitro studies have shown that Gab1 is tyrosine phosphorylated and mediates angiogenesis in vitro in response to VEGF. 37 Consistent with this concept, we found that VEGF-induced angiogenesis was affected in Gab1-ecKO mice. However, we observed much stronger Gab1 tyrosine phosphorylation in ECs in response to HGF than in response to VEGF. We further found that HGF-induced angiogenesis in vitro and in vivo was severely impaired in Gab1-ecKO mice. Our results suggest that Gab1 signaling is more important in HGF-mediated angiogenesis than in VEGF-mediated angiogenesis.
It has been shown that enhanced secretion of cardiac HGF from myocardial infarct regions is associated with an attenuation of ventricular enlargement and an improvement in cardiac function. 38 In fact, administration of recombinant HGF promotes angiogenesis in ischemic hindlimb and heart in various animal models. 6, 39, 40 In this study, we uncovered an essential role for Gab1 in ischemia-, tumor-, and HGFmediated angiogenesis. Our findings may have clinical implications: they suggest that blocking Gab1 function results in the inhibition of tumor angiogenesis and tumor growth and that enhancing Gab1 signaling could be a potential therapeutic strategy to improve ischemic diseases.
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